In the Next-to Minimal Supersymmetric Standard Model (NMSSM) deviations from the SM signal strengths of the 125 GeV Higgs boson are expected, because of the mixing with the additional singletlike Higgs boson and/or additional decays into pairs of light particles, like neutralinos, pseudo-scalar Higgs bosons or singlet Higgs bosons. In this paper the size of the possible deviations and their expected correlations or anti-correlations between bosonic and fermionic final states are analyzed using the efficient parameter scanning technique with complete coverage presented in a companion paper. The regions of parameter space with correlated or anti-correlated deviations of the signal strengths are identified.
Instead of searching for additional Higgs bosons one can search for hints of the NMSSM by performing precision measurements of the cross sections and branching ratios of the observed 125 GeV boson, since in the NMSSM deviations from the SM-like properties are expected for several reasons: deviations can be caused by the extended Higgs sector leading to different Higgs mixing and/or decays of the 125 GeV Higgs boson into additional Higgs particles of the extended Higgs sector and/or decays into invisible particles.
In this paper we study the size of the possible deviations, the correlations between signal strengths of various decay modes and the regions of parameter space, where deviations are expected. We find e.g. regions, where the deviations of decays of the 125 GeV Higgs boson into bosons are anti-correlated with the decays into fermions, meaning that if one goes up the other ones goes down. But we also find regions with correlated deviations of signal strengths for bosons and fermions. So measuring signal strengths of decays into bosons and fermions independently is of great interest for future model building. For the analysis we use the efficient scanning technique with full coverage, as described in a companion paper, which we call Paper I in the following. [35] We focus on the semi-constrained NMSSM [18, 36, 37] , a well motivated subspace of the general NMSSM allowing to integrate all radiative corrections up to the GUT scale using the renormalization group equations (RGEs). Especially, radiative electroweak symmetry breaking and the important fixed point solutions for the trilinear couplings are taken into account in this case, thus avoiding trilinear coupling values not allowed by the solutions of the RGEs, as discussed in Paper I. As the name fixed point solution indicates, the low energy values are largely independent of GUT scale values. We shortly introduce the NMSSM Higgs sector in Sec. II. The analysis method is described in Sec. III, including the modifications needed in comparison to the method in Paper I. The results are presented in Secs. IV and V where we study in detail the possible deviations of the signal strengths compared to the SM expectation.
II. THE HIGGS SECTOR IN THE SEMI-CONSTRAINED NMSSM
Within the NMSSM the Higgs fields consist of the two Higgs doublets (H u , H d ), which appear in the MSSM as well, but together with an additional complex Higgs singlet S. [18] The neutral components from the two Higgs doublets and singlet mix to form three physical CP-even scalar bosons and two physical CP-odd pseudo-scalar bosons. The mass eigenstates of the neutral Higgs bosons are determined by the diagonalization of the mass matrix, so the scalar Higgs bosons H i , where the index i increases with increasing mass, are mixtures of the CP-even weak eigenstates H d , H u and S
where S ij with i = 1, 2, 3 and j = d, u, s are the elements of the Higgs mixing matrix. The Higgs mixing matrix elements enter the Higgs couplings to quarks and leptons of the third generation: . The couplings to fermions of the first and second generation are analogous to Eq. 2 with different quark and lepton masses. The couplings are crucial for the corresponding branching ratios and cross sections for each Higgs boson. While the couplings to fermions are proportional to either the mixing element from the up-or down-type state, namely S iu or S id as can be seen from Eq. 2, the couplings to gauge bosons consist of a linear combination of both mixing elements:
Thus the couplings to fermions and bosons are correlated, leading to correlated signal strengths as well. The reduced couplings, meaning couplings relative to the SM couplings, only include the Higgs mixing matrix elements and tan β:
where c W/Z , c u and c d denote the couplings to vector bosons, up-type and down-type fermions, respectively. The loop diagrams needed for the reduced couplings to gluons c gluon and photons c γ are parametrized as effective couplings within NMSSMTools. [38] If the reduced couplings are SM-like, the Higgs mixing matrix elements are adjusted such that the reduced couplings are 1 as function of tan β, which is possible if one chooses S iu ≈ sin β and S id ≈ cos β, as is obvious from Eq. 4. In this case the couplings to gauge bosons take automatically SM-like values: c W/Z = cos β · S id + sin β · S iu ≈ cos 2 β + sin 2 β ≈ 1. The components to the sum of the Higgs mixing matrix elements squared of the 125 GeV SM-like Higgs boson are shown in Fig. 1 as function of tan β. One observes that S u is the dominant component in the linear combination of Eq. 1 for the SM-like Higgs boson for tan β > 2. In contrast, for the heavy Higgs H 3 the dominant component is the down-type component, as can be seen from the term S 3d > 0.97 in Table  IV of Appendix C, which will be discussed later in detail. The square of the singlet component is hardly visible and represented by the thin (red) line at the top of the figure.
The couplings of the 125 GeV Higgs boson can be extracted from experimentally accessible observables such as cross sections times branching ratios (BRs). The cross section times BR relative to the SM values is also known as the signal strength µ and defined as:
So the signal strength is obtained by the production cross section σ i for mode i times the corresponding BR for decay j, each normalized to the SM expectation. Normalized cross sections are called reduced cross sections, which are given by the square of the reduced couplings c i . In the following we focus on the main Higgs boson production modes with the following reduced couplings c i : the effective reduced gluon coupling c gluon for gluon fusion (ggf), c W/Z for vector boson fusion (VBF) and Higgs Strahlung (VH) and c u for top fusion (tth). We consider two fermion final states (b-quarks and τ -leptons) and two boson final states (W/Z and γγ) for different production modes. VBF and VH share the same reduced couplings, so they can be combined to VBF/VH. This leads to 8 signal strengths in total, namely 4 fermionic and 4 bosonic signal strengths:
Sketch of the sampling technique to determine the allowed NMSSM parameter space. The sampling is done by performing a Minuit fit on each cell of the 3D Higgs mass space (left box) to determine the corresponding 7 free NMSSM parameters (right box). The relation between the NMSSM parameters and the Higgs masses is encoded in NMSSMTools. The second-lightest Higgs boson is chosen to be the 125 GeV Higgs boson, but we repeat the fit in case mH1=125 GeV. Then the mH1 becomes an mH2 axis in the grid on the left. The 3D Higgs mass space can be restricted to the experimentally accessible Higgs masses and the low dimensionality allows a fit to each cell of the grid. This non-random sampling guarantees complete coverage of the corresponding 7D NMSSM parameter space. TABLE I. Differences of the fitting procedures from Paper I (middle column) and the one applied in this analysis (last column).
Procedure standard (Paper I) modified (this paper)
The latter six parameters in Eq. 7 enter the Higgs mixing matrix at tree level, see Appendix A, and thus form the 6D parameter space of the NMSSM Higgs sector. The coupling λ represents the coupling between the Higgs singlet and doublets, while κ determines the self-coupling of the singlet. A λ and A κ are the corresponding trilinear soft breaking terms. µ ef f represents an effective Higgs mixing parameter, which is related to the vev of the singlet s via the coupling λ, i.e. µ ef f = λ · s. In addition, we have the GUT scale parameters of the constrained MSSM (CMSSM) m 0 and m 1/2 denoting the common mass scales of the spin 0 and spin 1/2 SUSY particles at the GUT scale. The trilinear coupling A 0 at the GUT scale is correlated with A λ and A κ , so fixing it would restrict the range of A λ and A κ severely. Therefore, A 0 is considered a free parameter in the fit, which leads in total to 7 free parameters and thus a 7D NMSSM parameter space. For each set of the NMSSM parameters the 6 Higgs boson masses are completely determined. The masses of the heavy Higgs bosons A 2 , H 3 and H ± are approximately equal, so only one of the masses is independent. Furthermore, one of the masses has to be 125 GeV. Then only 3 Higgs masses are free, e.g. m A1 , m H1 and m H3 . Each set of parameters in the 7D NMSSM parameter space determines a mass combination in the 3D Higgs mass space and vice versa, each mass combination in the 3D mass space corresponds to given regions in the 7D parameter space. Hence it is advantageous to scan the lower dimensional Higgs mass space, especially since this space can be limited to mass ranges accessible to accelerators. Furthermore, the lower dimensionality allows to fit each mass combination in the grid of Fig. 2 . Such a non-random scan guarantees a complete coverage of the corresponding 7D parameter region. A complete coverage is hardly reachable by a random scan in the 7D parameter space because of the high correlations between the parameters, as discussed in Paper I.
The transition of the 3D Higgs mass space to the corresponding 7D NMSSM parameter space can be obtained from a Minuit fit [39] , as sketched in Fig. 2 and described in detail in Paper I. The theoretical connection between the NMSSM parameters and masses are obtained from NMSSMTools 5.2.0. [38] We included all available radiative corrections [40] , which is important, since the NMSSM radiative corrections to the Higgs boson can lower the mass by several GeV. [41] The main contributions and free parameters for the standard fit procedures from Paper I have been summarized in Table I in the middle column.
The 4 signal strengths µ
ZZ/W W and µ tth bb do not include loops in which non-SM particles could contribute. They are generically referred to as µ no−loop . The signal strengths from gluon fusion and/or decay into gammas include loop diagrams at lowest order, so the SUSY particles can contribute leading to deviations from the SM prediction. They are referred to as µ loop . In Paper I all µ no−loop were required to be 1, but in this analysis we are looking for deviations from SM expectations, so we do not require µ no−loop = 1. Deviations from SM expectations can have several physical origins, e.g. additional decays of the 125 GeV Higgs boson into lighter particles or modifications of the Higgs couplings via the Higgs mixing elements, which changes the Higgs content. These possibilities will be discussed in detail below.
Deviations were investigated by a modified fit requiring at least one signal strength to deviate from the SM prediction, i.e. µ = 1, which can be enforced in the fit by replacing the χ 2 µ no−loop term in the bottom line of the middle column of Table I by a term χ
µ , which forces µ sel ≈ µ theo for a minimal χ 2 value. For the signal strength deviating from the SM expectation (µ sel ) we usually select µ
, but other choices from the 8 signal strengths in Eq. 6 can be taken as well, which leads to similar results. The fit usually converges to a minimal χ 2 value with µ theo selecting the required deviation from the SM expectation. If the fit does not converge or does not reach a small χ 2 value, this means the required deviations cannot be reached in the NMSSM or the selected parameter space does not fulfill all experimental constraints. Such mass combinations are rejected.
In comparison with the standard fit in the middle column of Table I one has 3 constraints less, since in the middle column χ The fit is performed for each cell of the grid in Fig. 2 , thus completely scanning the parameter space and checking where signal strength deviations of the size µ theo are allowed taking into account the experimental constraints. From the fitted parameters in a fit with a single no-loop signal strength required to deviate from 1 the other signal strengths can be calculated and one can see, if they deviate in the same or in opposite directions in comparison to µ sel , which are called correlated or anti-correlated deviations, respectively.
IV. SIGNAL STRENGTH DEVIATIONS OF THE 125 GEV HIGGS BOSON FROM SM EXPECTATIONS
The signal strengths µ are given by the product of cross sections and BRs, see Eq. 5, so deviation from the SM expectation of µ = 1 can be obtained by deviations in cross sections or in branching ratios or in both. This leads to three different cases for deviations of the signal strengths of the 125 GeV Higgs boson from SM expectations:
• CASE I: Additional decays. The decay of the 125 GeV Higgs boson with SM couplings into particles with a mass m < 0.5m Higgs leads to modifications of the total width, which changes all BRs in a correlated way. This leads to correlated deviations of the signal strengths.
• CASE II: Small Higgs mixing between the 125 GeV and the singlet Higgs boson. A modification of the Higgs mixing matrix elements leads to anti-correlated deviations because the total width stays almost constant. But the coupling to down-type fermions and hence the corresponding BRs decrease, which is largely compensated by an increase of the BRs to vector bosons, leading to anti-correlated BRs and thus anti-correlated fermionic and bosonic signal strengths.
• and µ theo =0.7 and 0.9. One observes that the BRs are directly related to the deviations of the signal strengths from the SM expectation, namely the BR is approximately 1 − µ theo (see text). , while the top and bottom rows correspond to the ggf and VBF/VH production modes, respectively. The regions with mH S < 60 GeV correspond to CASE I and is a combination of CASEs Ia, Ib and Ic in Fig. 3 . The region with mH S > 60 GeV correspond to CASE II, while the narrow stripe for mH S ∼ 125 GeV corresponds to CASE III. One observes correlated signal strengths for bosons and fermions in CASE I, i.e. they deviate from 1 by the same amount, while for CASE II an anti-correlation of the bosonic and fermionic signal strengths is observed, i.e. the deviations from 1 go in opposite directions.
the mass of the final state particles for two values of µ theo , namely 0.7 and 0.9, respectively. Here
was chosen, but similar results are found for other choices of µ sel . The Higgs mass space is scanned on the grid in Fig. 2 in 1 GeV steps. The neutralino mass is calculated from the fitted NMSSM parameters for each cell in the 3D Higgs mass space. The fit usually converges with a good χ 2 value meaning that the mass combination is theoretically allowed and fulfills all experimental constraints. Additional decays into light particles increase the total width Γ tot of the 125 GeV Higgs boson: Γ * tot = Γ tot + Γ light > Γ tot . This leads to a reduction of the BRs of the 125 GeV SM-like Higgs boson, where it is convenient to normalize to the BR of the SM. Using the BR into τ leptons as an example one can write:
So for CASE I one basically always finds the deviations from the SM signal strength to be determined by the BR into light particles, i.e. one finds µ ≈ 1 − BR light . This relation approximately holds for the various light particles in the different panels of Fig. 3 . Sometimes it happens that several particles are simultaneously light, since the masses are correlated, which can be seen already from the approximate expressions m A1 ∼ λµ ef f and mχ1 0 ∼ 2κ/λµ ef f in Appendix A or that the mixing between H 1 and H 2 (CASE II) changes simultaneously with the total width (CASE I). This leads to the broadening of the bands in Fig. 3 , where we summed over all mass combinations of the grid in Fig. 2 .
To study the CASEs II and III, where the deviations of the signal strengths are caused by the Higgs mixing with the singlet, we concentrate on the signal strength as function of the mass of the singlet-like Higgs boson m H S . We select again µ sel = µ V BF/V H τ τ and µ theo = 0.9 or 0.7. Fig. 4 shows the fermionic and bosonic signal strengths as function of m H S for two production channels: ggf (top row in Fig. 4 ) and VBF/VH (bottom row in Fig. 4) . One observes the following features: for m H S < 60 GeV in the top left panel µ W/Z and µ τ τ are both equal to µ sel = 0.9 ≈ 1 − BR light , as expected for CASE I. For m H S > 60 GeV the decays into fermions and bosons are anti-correlated, as expected for CASE II: Since the sum of the partial widths (= total width) stays constant, a change of one partial width has to be compensated by an opposite change in one or more other partial widths (or BRs). Indeed, one observes the signal strengths for µ W/Z to be above the ones for µ τ τ . The effect becomes more pronounced, if one requires larger deviations, e.g. µ theo = 0.7, which is shown on the right side of Fig. 4 . Note that the spread is large because the results are shown for all mass combinations in the grid of the Higgs mass space and for different stop masses (determined by different values of m 0 , m 1/2 ). All cases will be discussed in more detail in the next section, where we do not average over all mass combinations, but consider for each case a representative mass combination, which better shows the salient features.
V. EXAMPLES OF SIGNAL STRENGTH DEVIATIONS OF THE 125 GEV HIGGS BOSONS FROM THE SM EXPECTATIONS

A. CASE I: Deviations by decays of the 125 GeV Higgs boson into non-SM light particles
For CASE I either mχ0 1 and/or m A1 and/or m H1 had to be smaller than about 60 GeV to allow decays of the 125 GeV Higgs boson into pairs of these light particles, which leads to deviations from the SM expectation. Here we investigate the deviations from the SM for a specific mass combination in the grid of is required to deviate from the SM expectation by fitting it to a value µ theo = 1. This is accomplished in the fit by increasing the invisible BR via the decrease of the neutralino mass, which can be changed in the fit to a specific value by adjusting the free parameters µ ef f , λ and κ (mχ1 0 ∼ 2 κ λ µ ef f ). This can be observed from the NMSSMTools output in Appendix C in Tables II-VII for two examples, called P1 and P2, for µ theo = 1 and 0.7, respectively. For CASE Ib (m A1 < 60 GeV) and CASE Ic (m H1 < 60 GeV) one cannot study the deviations for a fixed mass combination, since they require changes in m A1 and/or m H1 , which contradicts the study for a fixed mass combination.
In the top left panel of Fig. 5 the signal strengths are shown for all 8 signal strengths as function of
between 0.3 and 1 by the overlapping solid (dashed) lines for the VBF/VH (ggf) production mode. Note that for the bb final states the ttH production mode is selected instead of ggf, as indicated in Eq. 6 before. Below µ theo = 0.3 no good fit can be obtained. All signal strengths vary in a correlated way, as expected for CASE I. Since the signal strengths are the product of couplings squared and BRs relative to the SM values, we check which one is varying. are not yet precise, as shown in Fig. 8 of Appendix B for the data from the ATLAS and CMS experiments, which were combined by the Particle Data Group. [13] was required to deviate from the SM expectation by fitting it to a value µ theo < 1 for a specific mass combination characterized by allowed decays into neutralinos (CASE I). The deviations can either come from deviations of the couplings or from the BRs. Here it is clearly caused by the BRs, since all reduced couplings correspond to the SM expectation of 1, as demonstrated in panels (b) and (c). The allowed neutralino decays increase the invisible width (line with negative slope in panel (d)), which increase the total width and hence reduces the BRs for all other channels in the same way (overlapping lines with positive slope in panel (d)). This leads to the same (=correlated) change in all signal strengths (overlapping lines with positive slope in panel (a)) given the constant couplings in panels (b) and (c), which is true for all production modes, as demonstrated by the overlap of the solid and dashed lines in (a) representing the signal strengths for the VBF/VH and ggf production mode, respectively.
B. CASE II: Deviations by Higgs mixing
For CASE II a mass combination with all particles above 60 GeV is selected, so no decays into light particles can occur, in this case the mass combination m H1 = 90 GeV, m H3 = 1000 GeV and m A1 = 200 GeV was selected. As before, regions with deviations from the SM expectations are searched for by looking for a good χ 2 value under the constraint µ sel = µ V BF/V H τ τ = µ theo < 1. The fit accomplishes this by modifying the NMSSM parameters leading to deviations in the Higgs mixing, as shown in Appendix C in Table II for two selected mass combinations, P3 and P4, for µ theo = 1 and 0.7, respectively. The change in mixing can be observed e.g. by the change in S 2s in Table IV shown in Table III In CASE III we select m H1 = 122 GeV, m H3 = 1300 GeV, m A1 = 200 GeV, so H 1 is close in mass to H 2 (125 GeV), which can lead to a stronger mixing between H 1 and H 2 than in CASE II. As for the previous cases, we , as shown in Fig. 7(d) . The constant BRs and decreasing couplings lead to correlated deviations for the signal strengths, as shown in Fig. 7(a) for fermionic and bosonic final states.
VI. CONCLUSION
Examples for signal strengths deviating from the SM expectation are presented and the correlations between the signal strengths for fermionic and bosonic final states have been determined. We find three different cases to obtain signal strengths deviating from the SM prediction, i.e. deviating from 1. For the first case, additional decays of the 125 GeV Higgs boson with SM couplings into particles with m < 0.5m Higgs are possible (CASE I). This leads to a modification of the total width, which changes all BRs in a correlated way, and hence leads to correlated deviations of the signal strengths, as summarized in Fig. 5 . In the second case, a modification of the Higgs mixing changes preferentially the reduced couplings to down-type fermions and thus the corresponding BRs (CASE II). The total width stays almost constant by a modification of the Higgs mixing, so the sum of the BRs stays constant. Hence the decrease of BRs into fermionic final states has to be compensated by an increase of BRs into bosonic final states. This leads to anti-correlated deviations of the fermionic and bosonic signal strengths for CASE II, as summarized in Fig. 6 . In the third case the singlet-like and SM-like Higgs bosons are rather close in mass, which allows for a strong mixing. In this case the fit leads to a significant enhancement of the singlet component of the 125 GeV Higgs boson (CASE III), which reduces the couplings to SM particles for all final states and thus leads to correlated deviations of fermionic and bosonic signal strengths, as summarized in Fig. 7 . The three different cases can be related to the corresponding regions in the Higgs mass space, as shown by the projections onto the m A1 and m H S axes in Figs. 3  and 4 . These projections are largely independent of the third mass m H3 in the Higgs mass space in Fig. 2 . Allowed upper limits on the possible deviations of the signal strengths are proportional to the measured upper limits for the deviations from the SM predictions, which are presently still large. Precision measurements at a linear collider would allow to search for deviations of the 125 GeV Higgs boson signal strengths with much higher precision. This would allow to study correlations of possible deviations in much more detail and either strongly constrain the NMSSM parameter space or point to preferred regions of mass space in case correlated or anti-correlated deviations between fermionic and bosonic signal strengths from SM expectations are found.
The neutral components from the two Higgs doublets and singlet mix to form three physical CP-even scalar (S) bosons and two physical CP-odd pseudo-scalar (P ) bosons. The elements of the corresponding mass matrices at tree level read: [20] 
One observes that the element M Within the NMSSM the singlino, the superpartner of the Higgs singlet, mixes with the gauginos and Higgsinos, leading to an additional fifth neutralino. The resulting mixing matrix reads: [18, 42] 
with the gaugino masses M 1 , M 2 , the gauge couplings g 1 , g 2 and the Higgs mixing parameter µ ef f as parameters. Furthermore, the vacuum expectation values of the two Higgs doublets v d ,v u , the singlet s and the Higgs couplings λ and κ enter the neutralino mass matrix. The upper left 4 × 4 submatrix of the neutralino mixing matrix corresponds to the MSSM neutralino mass matrix, see e.g. Ref. [16] .
The neutralino mass eigenstates are obtained from the diagonalization of M 0 in Eq. A3 and are linear combinations of the gaugino and Higgsino states:
Typically, the diagonal elements in Eq. A3 dominate over the off-diagonal terms, so the neutralino masses are of the order of M 1 , M 2 , while the heavier Higgsinos are of the order of the mixing parameter µ ef f and ithe the lightes (singlino-like) neutralino is of the order of 2κs = 2(κ/λ)µ ef f . FIG. 8 . Combined measurements of the products σ· BR for the five main production and five main decay modes. The hatched combinations require more data for a meaningful confidence interval to be provided. The figure is taken from [13] . In Sect. V examples of mass combinations for the three possible cases for deviations of the signal strengths of the 125 GeV Higgs boson from the SM-expectation were discussed. To see which parameters need changes for deviations from the SM-expectation we present for each example the parameters without (with) deviation, i.e. µ theo = 1(µ theo = 0.7). For CASE I we select the mass combinations P 1 and P 2 , where the last point corresponds to the deviations presented in Fig. 5 . Similarly, we select P 3 and P 4 for CASE II, where P 4 corresponds to the deviations presented in Fig. 6 and P 5 and P 6 ) for CASE III with the deviations presented in Fig. 7 . The fitted NMSSM parameters for the representative mass combinations for H 1 , H 3 , A 1 from Figs. 5-7 are listed in Table II . From these fitted parameters NMSSMTools calculates all masses (shown in Table III ) and the Higgs and neutralino mixing matrices (shown in Table IV ). The reduced couplings are listed in Table V . The signal strengths and BRs are shown in VI and VII, respectively. All values are obtained from the output of NMSSMTools. 
